In 1+1 dimensional hydrodynamics originally proposed by Landau, we derive a new potential and distribution function including Heaviside function and investigate its mathematical and physical properties. 
Introduction
Recently authors of ref. [1, 2] have mentioned a paper by Srivastava et al. [3] as one of boost noninvariant solutions in 1+ 1 dimensional hydrodynamics proposed by Landau [4, 5, 6] . It is well know that the boost invariant distribution function have been proposed by Hwa [7] and independently Bjorken [8] . It is also worthwhile to notice recently interesting papers on 1 + 1 dimensional hydrodynamics published in refs. [9, 10] . See also ref. [11] in which the usefulness of the hydrodynamics for the collisions (proton-proton and nuclei-nuclei) is stressed.
In the present study, in particular we are interested in the paper by Srivastava et al., because their potential and the distribution function are similar to that calculated by Landau and coauthors. Our purpose is to obtain a new solution by use of different boundary conditions in the same partially differential equation obtained by Landau. (See eq. (8) below)
The hydrodynamics is briefly described in the following: The energy density e, the pressure p, the four velocity u µ , and the entropy density s are necessary physical quantities. Then the conservation law of the energy-momentum and that of the entropy are given as ∂T µν ∂x µ = 0,
where T µν = (e + p)u µ u ν − pg µν . Introducing the temperature of the fluid T , the equation of state p = c 2 s e with the velocity of sound c s , the thermodynamical relations de = T ds, and e + p = T s, we have the relation dp = sdT . Moreover, introducing the rapidity of fluid y and x µ = (t, x) = (τ cosh η, τ sinh η) with η = tanh −1 (x/t), 1 + 1 dimensional hydrodynamics in the perfect fluid is described as follows ∂ ∂t (T sinh y) + ∂ ∂x (T cosh y) = 0, 
Utilizing the Legendre transformation dχ = d(φ + tT cosh y − xT sinh y) from the variables (t, x) to (T, y) with potentials φ and χ, we obtain the following expressions:
Moreover, we have the following relation between y and η:
From the above equations and relations, we obtain the following partial differential equation of the potential χ in 1 + 1 dimensional hydrodynamics,
where ω = − ln(T /T 0 ) (the logarithmic temperature). To look for a new solution in eq. (8) is our aim, as mentioned before.
As the solution of eq. (8), we have known the following two solutions [4, 3] . (Notice that two different initial conditions are used.) Utilizing the method of Green function [12, 14] , we obtain a new potential including the Heaviside function for the differential equation in 1+1 dimensional hydrodynamics.
On the other hand, the rapidity distributions of the charged mesons at RHIC energies ( √ s N N = 62.4 GeV [15] and 200 GeV [16] ) have been reported by BRAHMS Collaboration. We are going to analyze them by several formulae by Landau, Srivastava et al., and ours.
In the second sec. we briefly explain the formula by Landau and the boost non-invariant formula calculated by Srivastava et al. In the third sec. we present the new formula including the Heaviside function. In the 4th one we present analyses of the data at RHIC energies by three formulae and a formula proposed by Carruthers et al. [17] in addition to them. In the final one the concluding remarks are presented. 
where l denotes the length of colliding matter. The potential is expressed by the integral formula
where
where ω f = − ln(T f /T 0 ). Using (11), we have the rapidity distribution
where p = β ω 2 − c 2 s y 2 . I 0 and I 1 are the modified Bessel functions of the 1st order and 2nd one, respectively.
On the other hand, Srivastava et al. have assumed that χ = χ 1 exp(βω) and obtained the following equation
Using a new variable with p = β ω 2 − c 2 s y 2 ,
they obtain the following equation which is satisfied with the modified Bessel function in a special case (as below),
Adopting the condition ∂χ 1 ∂q = 0 and assuming the finiteness on the characteristic (ω = ±c s y), they have obtained the following solution,
To obtain the potential with the Bessel function, they have introduced a different variable, q ′ = tanh −1 (ω/c s y), in their calculation. To show some mathematical properties of two solutions, we present their contour maps in fig. 1 .
The entropy distribution related to eq. (16) is calculated as
wherep = β c 2 s y 2 − ω 2 . Authors of refs. [18, 19, 20] have applied eqs. (12), (17) and (18) to analyses of data. 
Solution including the Heaviside function
Hereafter, to consider a new solution, we use the method of Green functions [12, 13, 14] 
Using the function χ = χ 1 e βω , we choose the following initial conditions in the (ω, y) space, because we can consider the initial conditions at ω = 0,
The reason is as follows: In the localized point ((ω, y) ≈ (0, 0)), the potential should exist as the boundary value (as the initial condition), then we choose δ(y), because the fluid created in collisions is localized there. Moreover, the initial condition of the potential at ω = 0 is chosen as χ(ω = 0+, y) = 0. See eq. (9). This set of initial conditions suggests us that the present approach mainly describes the collision in the central region.
In order to obtain the potential governing the hydro-system in collisions, we perform the following calculation named the Riemann's formula,
Using eq. (20), we have the following solution
where H(Q) is the Heaviside function defined as follows
The Heaviside function in eq. (22) appears from the region of integration in eq. (21) . Hereafter, in concrete analyses, introducing a parameter ε, we use the following approximate expression,
To show some mathematical properties of the above solution, we present its contour map in fig. 2 . Moreover, we show diagrams between (t, x) for eq. (16) and (22) in fig. 3 (a), (b). In fig. 3 (a) we confirm calculations in ref. [3] , and in fig. 3 (b) our calculation for eq. (22) is presented.
Here we examine an evolution of the temperature as, 
and The results at y = 0 and y = 2 are presented in fig. 4 . We can compare differences of the temperatures evolution among refs. [3, 4, 8] and ours. The following expression is the entropy distribution,
When p is imaginary, the modified Bessel function should be replaced by the Bessel functions, because we treat ε as a free parameter in the CERN MINUIT program. This means that we are able to obtain any useful information for collisions, provided that there was a relation among ε, ω and c s governed collisions. The typical behavior of eq. (26) is shown in fig. 5 . To analyze the measured distribution of hadrons, the following calculation is necessary,
where y h , p T ,m T = p 2 T + m 2 p and µ A are the rapidity of hadron, the transverse momentum of hadron and the baryonic chemical potential of hadron A, respectively. For mesons, δ = −1, µ B = 0 and for baryons δ = 1, µ B = µ. As you see fig. 5 , due to the derivative of the Heaviside function, there are small-finite contributions outside of the asymptotic lines ω = ±c s |y|.
Analyses of data by several formulae
Since BRAHMS Collaboration has reported the rapidity distributions of charged π mesons and K mesons at RHIC √ s N N = 62.4 GeV and 200 GeV, we can analyze them by three formulae mentioned above. The freeze-out temperature and chemical potential are cited from ref. [21] . T f = 0.1605 (200 GeV and 62.4GeV) and µ = 0. See also ref. [22] . Moreover, we can analyze the data by the Gaussian distribution proposed by Carruthers and Duong-Van [17] .
Our results by eq. (27) in which c 2 s is assumed as a free parameter are presented in figs. 6 and 7. Notice that we examine different cutoff values for y 0 in calculations of eq. (27). Analyses of data by eq. (28) are cited in table 6 and shown in figs. 6 and 7. (17), (18) and (27) 
Concluding remarks
We summarize the present studies as follows: fig. 8 . Moreover, three concrete components of our distribution are shown in fig. 9 . Of course, the second and third ones depend on the values of ε's. The role of the parameter seems to be reflecting the temperature fluctuation on the characteristic (ω = ±c s y) in the present analyses. 3) On the other hand, our distribution function, due to the Heaviside function, does not strongly Table 3 : Analysis of charged pions and K mesons rapidity distributions by means of eqs. (17), (18) and (27) [19] ) was not taken into account. In a future we are going to investigate the role of the phase transition between hadrons and QCD in this scheme [19] and problem of the fluctuation [23] . GeV. The first term, second one, and third one of eq. (26) are named F 1 (ε, Q), F 2 (ε, Q), F 3 (ε, Q), respectively. Results in table 4 are used.
